grow to a large size, and have plentiful vascular supply from the choroidal vessels. 16, 19, 24 In 2015, Schneider et al. 19 used neoadjuvant chemotherapy to treat CPCs and reported that 72% of patients receiving neoadjuvant chemotherapy experienced a GTR compared with 26% of those not receiving neoadjuvant chemotherapy (p = 0.02). In a logistic regression analysis, only neoadjuvant chemotherapy was an independent predictor of intraoperative blood loss. 19 Pathological examination of specimens from second-look surgeries reveal tumoral fibrosis and collagenization particularly around blood vessels and tumor nests.
11 hSNF5/INI-I gene inactivation, previously thought to be diagnostic for ATRT, has been implicated in CPCs. Thus, CPCs may be similar in tumorigenesis to ATRTs. 7 In case series reported by Iwama et al. and Van Poppel et al., there were 3 ATRT patients who underwent neoadjuvant chemotherapy. 10, 25 The first patient was diagnosed at 2 months of age with a 70-mm-in-largest-diameter ventricular ATRT. He underwent 4 rounds of chemotherapy, which decreased the size of the tumor. His estimated blood loss/estimated blood volume (EBL/EBV) was 39%, and the patient received a blood transfusion intraoperatively. GTR was achieved. 10 The second patient was diagnosed at 20 months of age, underwent subtotal resection, and then underwent 4 rounds of induction chemotherapy. Intraoperatively, blood loss was minimal at 5.4% EBL/EBV and GTR was achieved. The third patient was diagnosed at 25 months of age, underwent biopsy, and GTR was achieved after 3 courses of induction chemotherapy. Intraoperatively, blood loss was 27.7% EBL/EBV. 25 The present case is, to the best of our knowledge, the fourth reported case in which neoadjuvant chemotherapy was used to treat an ATRT. Local IRB approval was obtained prior to submission of this paper for publication.
Case Report

Presentation and Examination
A 17-month-old boy without significant birth or medical history, presented with a 2-week history of emesis occurring 2 to 3 times per day and more consistently in the morning. In the preceding days, he had become more irritable, with poor oral intake and a demonstrated unwillingness to walk. He had multiple emergency department visits in the preceding 3 months but did not exhibit any focal neurological deficit and so had not undergone cranial imaging. At presentation, he was sleepy but easily arousable, playful, and interactive. He had a nonfocal neurological examination, although his mother reported a significant decrease in his right-sided motor function compared with the left. He was without pupillary abnormality, and his anterior fontanelle was soft and flat. MRI of the brain demonstrated a large left ventricular tumor originating from the lateral aspect of the thalamus, thought likely to be an ATRT rather than a primitive neuroectodermal tumor (PNET) or CPC causing obstructive hydrocephalus. There was diffuse, thickened enhancement of the lining of the left lateral ventricle. MRI of the spine demonstrated diffuse lumbosacral metastases. While in the hospital, a significant left-sided dominance with delayed initiation of right upper-extremity movement became apparent. Mild syndrome of inappropriate antidiuretic hormone (SIADH) was also discovered.
Initial Management
The patient underwent placement of a bilateral external ventricular drain (EVD) for obstructive hydrocephalus occluding the foramen of Monro. CSF obtained from the initial EVD placement was sent for cytological examination and the finding confirmed the diagnosis of CNS ATRT. The patient was not considered a surgical candidate due to widespread metastases and extensive vascularity of the tumor. His parents elected to pursue chemotherapy with an intention to proceed with resection if the tumor responded sufficiently. Internal CSF diversion was required in anticipation of cytotoxic chemotherapy, and the patient underwent insertion of both a right-sided ventriculoperitoneal shunt with Strata valve set at a performance level of 2.5 and a left-sided Ommaya reservoir to keep the left lateral ventricle open for future surgery. Figure 1 shows the final pathology on the CSF sample, demonstrating a highly cellular specimen composed of clumps of large cells with large and irregular nuclei and minimal cytoplasm. The cells were negative for AE1/AE3, GFAP, synaptophysin, OCT-4, AFP, CAM5.2, and INI-1 on immunohistochemistry.
Chemotherapy
After discussion with the family regarding the poor 
FIG. 2.
Vascular changes were evident on the axial 3D T2-weighted images. Before neoadjuvant chemotherapy note the large medial vascular structure indicated by the arrows (A). After neoadjuvant chemotherapy the medial vascular structure was no longer seen and there was a loss of cellularity (B). Tumor changes were also significant in sagittal and coronal postcontrast and diffusion-weighted images. Before neoadjuvant chemotherapy (C) versus after neoadjuvant chemotherapy (D), there was a 35% decrease in volumetrically determined size and loss of contrast enhancement (D).
prognosis and the available options, chemotherapy was started as per the induction regimen of Head Start II. The patient received 2 cycles of chemotherapy consisting of vincristine, cisplatin, etoposide, cyclophosphamide, and high-dose methotrexate. After the first cycle, autologous hematopoietic stem cells were collected in anticipation of treatment consolidation with high-dose chemotherapy and autologous hematopoietic stem cell rescue if an eventual GTR was achieved. Resolution of spinal metastases was seen after 2 rounds of chemotherapy. Chemotherapy was complicated by significant mucositis requiring opiate management and nasojejunal tube placement for nutritional support. The patient required multiple transfusions and granulocyte-colony stimulating factor support for neutropenia. Following the second cycle of chemotherapy, he developed pneumonia that was treated for bacterial and presumed fungal causes. In addition to upper oral and pulmonary issues, the patient had a significant exacerbation of his underlying SIADH thought to be secondary to administration of vincristine. Despite these chemotherapeutic complications, the patient was able to complete 2 cycles of therapy.
Operation
Two months after presentation, following 2 cycles of chemotherapy, a repeat MRI brain scan showed 35% reduction in tumor size as determined by the reviewing oncology team together with the pediatric neuroradiologist. 3D T2-weighted axial MR images in Fig. 2 show the significant near disappearance of large medially draining veins, and the MR images in Fig. 3 show resolution of lumbosacral leptomeningeal disease. The patient's mother elected to proceed with surgical treatment of her son. A left pterional craniotomy was performed and frameless stereotactic navigation was employed. Most of the resection was straightforward due to the large extent of avascular, necrotic tissue, likely induced by neoadjuvant chemotherapy. However, there was marked increase in vascularity and bleeding at the margins, the medial margin in particular. Because a GTR in this context was so valuable and the patient had had such a robust response to neoadjuvant chemotherapy, aggressive resection was pursued and achieved. The patient experienced 425 ml of blood loss, a 52% EBL/EBV, and he was transfused with 40 ml/kg packed red blood cells and 2 L of crystalloid fluid. At this point, hemostasis was achieved, and the operation was ended; a left frontal EVD was placed before closing. Intraoperatively, the patient experienced hyperkalemia (likely secondary to transfusion) with peak potassium levels of 7.6 mEq/L and peaked T waves on electrocardiography, easily managed with insulin and glucose replacement. Figure 4 shows tumor pathology; 80% of the specimen sent to pathology was necrotic tumor with the remaining viable tumor cells showing irregular nuclei, prominent nucleoli, and occasional classic "rhabdoid" cytoplasm. Hemosiderin deposition and reactive changes were found with foci of ependymal lining and periventricular brain with viable tumor cells invading beneath the ependymal epithelium that were BAF-47 negative and showed 40%-50% positivity for Ki 67. PHH3 staining in the areas of viable tumor showed a range of 0-3 mitotic figures per high-power field.
Immediately postoperatively, the patient was extubated on 3 L of oxygen via nasal cannula; however, during postoperative CT scanning, he developed increased secretions, tachypnea, and stridor for which he received epinephrine and was reintubated. Due to pulmonary issues (perhaps secondary to the 2 rounds of chemotherapy and the longer-term effects of severe mucositis), he remained intubated until postoperative Day 5. Neurologically, he moved his right upper-extremity well and his right lower-extremity moderately less than prior to surgery; during the subsequent months the patient's right lower-extremity weakness improved to baseline according to his mother. Figure 5 shows a GTR on his postoperative MRI.
Postoperative Course
The patient completed 3 postoperative cycles of induction chemotherapy for a total of 5 cycles of Head Start II therapy. The plan was to proceed to consolidation with high-dose chemotherapy and autologous hematopoietic stem cell rescue, but this therapy was delayed due to persistent respiratory viral infections. At restaging in preparation for proceeding with therapy, he was found to have radiographic evidence of thoracolumbar recurrence and frank CSF cytological positivity. The family decided not to pursue any further cytotoxic therapy. He received outpatient palliative care services and died at 27 months of age, having survived 10 months since diagnosis. 
Discussion
The pediatric neurosurgeon can face significant challenges when managing pediatric brain tumors with their large sizes and vascular relationships in the context of smaller total blood volumes. There exists a growing body of data to support the use of neoadjuvant chemotherapy to treat such large, vascular tumors. 10, 25 Neoadjuvant chemotherapy appears to increase fibrosis of the tumor, creating a clearer surgical plane between pathological and normal brain parenchyma, as well as collagenization of blood vessels. 11 Neoadjuvant chemotherapy has been shown to decrease intraoperative blood loss and tumor size. 1, 10, 11, 19, 21 While it is not feasible in emergency or urgent cases, neoadjuvant chemotherapy expands the armamentarium of the pediatric neurosurgeon to approach tumors that may have otherwise been deemed "inoperable." Future development of chemotherapeutic agents may be directed toward collagenization and fibrosis of tumoral blood supply for the specific purpose of enhancing surgical candidacy of patients with particularly vascular brain tumors.
In the present case, resection was complicated by the size of the tumor, its vascularity, and expense of total blood volume in this small child. Since these issues are common in vascular pediatric brain tumors, methods to increase the neurosurgeon's ability to achieve GTR safely are highly valuable. Patients presenting with ATRT metastases have a median survival of 3 months; 5 our patient presented at 17 months of age and died at 27 months of age. GTR is one of a few tools for ATRTs that demonstrably lengthens survival. 8, 12, 13 The benefits of tumor reduction must be weighed against the increased risk of surgery in the context of neoadjuvant chemotherapy. SIADH, bacterial infections including sepsis and recurrent fungal infections, and mucositis are well-known toxicities among Head Start II patients. These toxicities can lead to challenging critical care scenarios and may lead to ultimate demise. 2, 6 In the report by Van Poppel et al., neoadjuvant chemotherapy was associated with tumor-specific complications including intratumoral hemorrhage and peritumoral edema, as well as chemotherapy-induced thrombocytopenia. 25 Specifically with ATRTs, one neoadjuvant ATRT patient has died of sepsis, although it is unknown if this was attributed to the chemotherapy. 10 Given relatively low rates for GTR reported in the literature and the importance of GTR in the future survival in ATRT patients, therapies enabling GTR are particularly valuable. Neoadjuvant chemotherapy may be considered in challenging ATRT cases.
